Prolonged and repeated exposure to sublethal doses of total body irradiation induce significant morphologic changes in the mucosa of the small intestine of laboratory animals. These changes include decreased mitosis in the intestinal crypts, necrosis of crypt epithelial cells, and decreased height of crypts and villi (2-5).
as late complications after X-ray therapy to the abdomen. However, very little is known about the immediate morpholgic response of the mucosa of human small intestine to therapeutically employed doses of X ray. This is surprising since X-ray therapy to the abdomen with resultant exposure of small bowel to ionizing radiation is commonly utilized for the clinical treatment of a variety of intra-abdominal and retroperitoneal malignancies. Furthermore, it is well known that gastrointestinal symptoms including nausea, vomiting, and diarrhea may accompany such X-ray treatment. We therefore felt that a prospective sequential study of the morphology of the small intestinal mucosa of man exposed to therapeutic abdominal X-irradiation would be of interest.
Methods
Nine patients who received X-ray therapy to the abdomen were selected for study. Pertinent clinical data and details of their X-ray treatment are summarized in Hodgkin's 3,000 18 24 Left upper +6 disease quadrant 2 31 Hodgkin's 2,000 14 19 Periumbilical -7 Mild nausea disease 3 27
Hodgkin's 2,000 14 24 Periumbilical -15 Nausea and disease vomiting 4 29 Hodgkin's 2,000 14 18 Periumbilical +1
Mild nausea disease 5 69 Lymphosarcoma 2,300 16 22 Epigastric Table I . X-ray therapy was administered to alternate anterior and posterior abdominal ports with a 1,000 kv therapy unit in fractional skin doses of 150 to 300 r6ntgens (R) for 5 or 6 days per week. None of the patients were acutely or critically ill when first studied. One patient's condition (no. 3) deteriorated significantly during the study; the other patients remained ambulatory throughout the study.
A total of 104 peroral duodenal or jejunal biopsies was obtained serially from seven patients from small bowel within the irradiated field. Biopsies from five of these patients were obtained before, during, and after X-ray therapy; biopsies in the other two were obtained only during the course of X-ray therapy. In addition, 10 biopsies were obtained from jejunum outside of the field of irradiation from each of two other patients before, during, and after therapy. One of these patients received abdominal irradiation (no. 8), and the other received pelvic irradiation (no. 9). In both of these patients the region of the duodenojejunal junction from which biopsies were obtained was over 10 cm from the field of irradiation.
Patients were deprived of food but allowed water ad libitum for 12 hours before biopsy. All biopsies were obtained-under fluoroscopic control with a multipurpose biopsy tube (10) . Biopsies for light microscopic study were carefully oriented immediately after removal from the biopsy capsule, fixed in Bouin's solution, and embedded in paraffin. Four-,u serial sections were cut parallel to the long axes of the villi. Sections were stained with hematoxylin and eosin and with the Fuelgen technique.
To quantitate mitotic activity in the crypts, mitotic figures were counted in every third section of serially sectioned biopsies (11) . Only those crypt sections in which the lumen was seen and in which orientation was good were counted. Mitotic figures in at least 200 such crypt profiles were counted in each biopsy, and the results were expressed as number of mitoses per 100 crypt sections.
Changes in epithelial surface area were evaluated by quantitating epithelial surface length of each suitable biopsy utilizing Rubin, Brandborg, Phelps, and Taylor's modification (12) of Chalkley's random point technique (13) . A mold-counting grid with 25 grid line intersects was inserted into one of the microscope oculars. With a well-oriented biopsy section centered in the microscopic field, the number of intersect points overlying epithelial cells was counted. This was repeated in a random fashion 20 times for each biopsy, and the total count was used as a measure of the epithelial surface of the biopsy. The accuracy of this technique has been shown to approach the accuracy of linear surface measurement of photographs or tracings of well-oriented biopsies (12) .
Eight biopsies from three patients were studied with the electron microscope. The biopsies for electron microscopy were placed in toto into chilled chrome-osmium tetroxide (14) within 1 minute after excision. After 4 minutes, the biopsies were cut parallel to the plane of the villi into 1-mm strips and returned to the fixative for 1 hour. The tissue slices were post-fixed in 10% neutral isotonic formol for 1 hour, rapidly dehydrated in graded strengths of ethyl alcohol, and embedded in epoxy resin by the method of Luft (15) . The crypts was greatly reduced compared to base-line levels. Mitoses decreased progressively during the first week of therapy and then remained at low levels until treatment was stopped (Figures 2, 3 ).
In those mitoses present during treatment, distinct morphologic abnormalities such as chromosomal bridges and chromosomal clumping were seen in many. Discrete, small, spherical inclusion bodies containing material that stained intensely with the Fuelgen technique were frequently seen within the cytoplasm of the undifferentiated crypt cells during the first week of therapy but were uncommon thereafter (Figure 4 ). These bodies appeared identical to those previously noted in the undifferentiated crypt cells after exposure to radiomimetic drugs, and they probably represent fragments of disintegrating epithelial cells (11) . With increasing exposure, the height of the undifferentiated crypt epithelial cells decreased progressively, whereas their width increased until the cells were cuboidal or even squamous in appearance compared to the pretreatment columnar shape (Figures 2, 3 ( Figure 3 ). Paneth cells appeared diminished in number, but those present appeared normal by light microscopic criteria. Goblet cells were seen in normal numbers in the crypts and on the villi but were decreased in height and increased in width during peak histologic reaction to radiation.
As the villi decreased in height during the second to fourth week of therapy, the villous absorptive cells also assumed a cuboidal shape, decreasing in height and increasing strikingly in width. Megalocytosis of the absorptive cells was observed in all biopsies obtained during the third and fourth weeks of therapy. In all biopsies, the epithelial surface remained intact; discontinuities were not observed.
The number of cells in the lamina propria increased as therapy progressed. Plasma cells were the most abundant cell type, but eosinophils and mast cells were also noted. Lymphocytes, abundant in control biopsies, were infrequently seen in irradiated bowel, as one might expect because of their extreme radiosensitivity (19) . During the third and fourth weeks, accumulations of polymorphonuclear leukocytes were observed in biopsies of four of the seven patients ( Figure 5 ). In 197 some areas, the inflammatory reaction was sufficiently severe to result in crypt abscess formation ( Figure 5 ). These microabscesses were composed largely of polymorphonuclear leukocytes although cellular debris, probably of epithelial origin, were also noted in the crypt lumina.
Electron microscopic study of biopsies obtained during peak histologic reaction to X-ray therapy confirmed the light microscopic findings and also revealed additional cytologic damage of the epithelial cells.
The were the most severely damaged epithelial cell type. The microvilli of these cells were very short and irregular compared to those seen in pretreatment control biopsies (Figures 6, 7 ). In addition, there was marked dilatation of mitochondria and endoplasmic reticulum in many cells (Figure 7 ). The undifferentiated cell secretory granules, though present, were greatly reduced in number. The degree of cytoplasmic damage was not equal in all crypt cells (Figure 7 ), but no normal undifferentiated cells were seen in biopsies obtained after 3 or more weeks of X-ray therapy. Spotty and less consistent cytoplasmic damage of the endoplasmic reticulum and mitochondria of the other epithelial cell types of the crypt (Paneth, enterochromaffin, and goblet cells) was noted after radiation. Large cell remnants were commonly seen lying free within the crypt lumen ( Figure 8 ).
The structure of many of these suggested an epithelial origin. Spotty, nonspecific cytoplasmic damage was also evident among villous absorptive cells in biopsies obtained 3 or more weeks after the start of X-ray treatment. Dilatation of the endoplasmic reticulum and vacuolization of the mitochondria were the most predominant and consistent findings (Figures 9, 10 ). In addition, it was noted that sections of nuclei of irradiated absorptive cells regularly displayed huge nucleoli. The periphery of the nucleus often appeared scalloped throughout its circumference (Figure 10 ). These were not observed in absorptive cell nuclei from control biopsies. In all five patients from whom post-treatment biopsies were obtained, recovery of mucosal histology was prompt and complete within 2 weeks after cessation of therapy ( Figure 1, b and c) . Electron microscopy of biopsies obtained from two patients 2 weeks after cessation of irradiation also failed to show fine structural abnormalities of either crypt or villous epithelial cells. Quantitative evaluation of the reduction of the number of mitoses in biopsies from exposed bowel from seven patients is summarized in Table II . The number of mitoses per 100 well-oriented centrally cut crypt sections decreased from a mean of 95 in pretreatment biopsies to a mean of 35 (37% of control levels) in biopsies obtained during peak histologic response. This was followed by an increase in mitoses to a mean of 106 per 100 crypt sections in biopsies obtained after recovery from X-ray exposure.
In Table III are summarized the results of quantitative evaluation of the epithelial length in these same biopsies by assessing the epithelial length using the modified Chalkley random count method. During peak histologic reaction, there was a mean reduction of epithelial surface length of-43%o compared to control biopsies. Surface The sequential changes in mitotic activity and surface area observed in the exposed small intestinal mucosa of a patient (no. 6) during the development of and recovery from the mucosal radiation lesion are shown in Figure 11 . The number of mitoses per crypt decreased rapidly and was halved within a day after the start of treatment. During the next week, reduction in mitoses became more pronounced and persisted throughout therapy. The reduction of epithelial surface occurred more gradually throughout the course of therapy and was most pronounced toward the end of treatment. When treatment was stopped, return of mitotic activity to normal levels was prompt and was followed by an increase in epithelial surface to normal levels within 12 days. In the other four patients from whom serial biopsies were obtained, mitoses were reduced 26 to 40% within 3 days after the start of therapy, whereas significant reduction of epithelial length was not noted until the second or third weeks of therapy. In the two other patients from whom biopsies were obtained within 3 days of cessation of therapy, mitoses had returned to pretreatment levels while epithelial length was still reduced. Thus, reduction of mitoses preceded reduction of surface epithelium during therapy, and recovery of mitoses preceded return of epithelial surface to normal when exposure to X ray was stopped. (8 and 9) from jejunum distant from the field of irradiation remained morphologically normal throughout therapy. Quantitative evaluation of mitotic activity and epithelial surface by the techniques described above confirmed our histological impression that there was no detectable change in these parameters of mucosal structure in small bowel distant from the X-ray beam during therapy in these two patients.
Discussion
The histological changes observed in this study were similar to those observed in the small intestine of laboratory animals after exposure to sublethal doses of irradiation (2) (3) (4) (5) . Similarly, some of the observed fine structural changes (irregularity of the microvilli, mitochondrial swelling) paralleled those seen initially after exposure of mice to a single lethal dose of irradiation (20) .
It has been established that the rate of cell turnover of the small intestinal epithelium of man is rapid; complete replacement of the villous epithelium as measured by the migration of thymidine-3H labeled crypt cells occurs in 5 to 6 days (21, 22) . It is also well known that X-ray irradiation interferes with cell division (23) .
The first morphologic change in the intestinal epithelium of our patients after exposure to X-ray therapy was a reduction in the number of mitoses in the crypts. This mitotic inhibition persisted until the cessation of therapy. This reduced cell proliferation in the crypts probably resulted in a decreased outflow of cells from the crypts onto the villi to replace those senescent villous epithelial cells shed from the villous tips into the gut lumen. The presence of large epithelial cell fragments in crypt lumina (Figure 8 ) suggested that damaged cells may also be shed into the gut lumen directly from the crypt epithelium, compounding the shortage of cells available for migration onto the villus. Thus, as exposure to radiation was continued, cell loss from the villous tips exceeded cell replacement from the crypts, the villi shortened, and total epithelial surface decreased ( Figure 11 , Table  III (12) , the radiation-induced mucosal lesion differs greatly from the sprue lesion. Though the term "villous atrophy" has often been used to describe the sprue lesion (24) , true atrophy of the mucosa is not a characteristic feature of sprue. Instead, measurements of the total mucosal thickness in biopsies of patients with severe sprue lesions are often normal (25) . Whereas the villi are shortened or absent in sprue, the crypts appear much deeper (12, 25) often extending to the surface epithelium. In contrast, the radiation-induced lesion is characterized by true atrophy of the mucosa; not only are the villi shortened, but the crypts are more shallow than those seen in normal biopsies. Furthermore, the number of mitoses in the crypts is increased over normal in sprue (26, 27) suggesting the possibility of more rapid cell proliferation in contrast to the reduced proliferation that follows irradiation exposure. Biopsies obtained from small bowel outside the field of irradiation appeared normal with the morphological techniques employed in this study. This suggested that the radiation-induced mucosal lesion was limited to the small bowel directly exposed to irradiation at the doses studied. Thus, there was no evidence of an abscopal radiation effect in unexposed bowel such as has been noted in the thymus and spleen of mice after highly localized irradiation to distant portions of the abdomen (28) .
Clinical symptoms that could be attributed to irradiation therapy were minimal or absent in our patients. Of the seven patients in whom the irradiation lesion was demonstrated, one gained weight, two lost weight, and the others remained stable during this study (Table I) . Vomiting was observed in only one patient who received a total dose of 2,000 R and was probably due to the patient's underlying lymphoma, since it preceded the start of X-ray therapy. Two other patients experienced mild nausea without vomiting while receiving X ray; none had diarrhea. Whereas studies of small intestinal absorption were not regularly performed in our patients, Patient 6, who received a total dose of 3,300 R was placed on an 80 g per day fixed fat intake during the last week of X-ray therapy, and a pooled 96-hour stool collection was obtained during the last 4 days of therapy while the patient's radiation-induced lesion was most pronounced (Figures lb, 11) . Despite the marked morphologic abnormalities observed in his biopsies at that time, his coefficient of fat absorption was 94%. This further suggested that the mucosal lesion was limited to the exposed bowel, whereas the remaining small bowel was unaffected, since one would expect detectable steatorrhea if the entire small intestine were involved.
Whereas these findings indicate that dosages of X ray commonly administered to the abdominal cavity for therapeutic purposes induce a distinct lesion of the mucosa of the small intestine directly exposed to irradiation, there was no indication that X ray, in the doses studied, resulted in any permanent damage to the small intestinal mucosa. In the five patients studied after the cessation of X-ray therapy, histological recovery of the mucosa was complete within a period of 2 weeks.
The submucosa and muscular coats of small intestine are not adequately sampled by peroral biopsy. Therefore, we cannot exclude the development of a more persistent lesion in the submucosal layers of the small intestine after these doses of irradiation. In fact, infiltration of the submucosa with round cells and suggestive evidence of submucosal edema were regularly seen during peak mucosal reaction to irradiation in those biopsies in which submucosa was present (Figure lb) . That an irreversible lesion beneath the mucosa may occasionally occur has been suggested by the occasional observation of submucosal fibrosis (6, 7) and lymphangiectasia (8) years after irradiation. Summary Peroral biopsies were serially obtained from patients before, during, and after abdominal X-ray therapy from small bowel within the irradiated field. Biopsies were studied by light and electron microscopic techniques.
Histological changes included 1) a reduction of mitoses in the crypts to 25 to 51% of control levels, 2) marked shortening of the villi with a resultant 39 to 48%o reduction of epithelial surface length, 3) megaloblastosis and megalocytosis of epithelial cells, 4) heavy infiltration of the lamina propria with plasma cells and polymorphonuclear leukocytes, and 5) occasional crypt abscess formation.
Electron microscopy further revealed cytologic epithelial cell changes including 1) swelling and dilatation of mitochondria and endoplasmic reticulum, 2) irregular distribution and shortening of 203 microvilli, and 3) a scalloped nuclear border and the presence of huge nucleoli.
Histologic recovery of the mucosal lesion was prompt and complete after cessation of therapy; mitoses were normal within 3 days and villi were normal within 2 weeks. Gastrointestinal symptoms were minimal or absent despite the regular development of the mucosal lesion.
Biopsies from small bowel outside of the field of irradiation from two patients remained normal throughout therapy.
These data indicate that extensive morphologic damage of the small intestinal mucosa of man is regularly induced by therapeutic doses of abdominal X-ray therapy. This is associated with surprisingly few symptoms, is rapidly reversible, and appears localized to the bowel in the field of irradiation.
